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ABSTRACT
The induced gravitational collapse (IGC) paradigm of long gamma-ray bursts (GRBs) associated with super-
novae (SNe) predicts a copious neutrino-antineutrino (νν¯) emission owing to the hypercritical accretion process
of SN ejecta onto a neutron star (NS) binary companion. The neutrino emission can reach luminosities of up
to 1057 MeV s−1, mean neutrino energies 20 MeV, and neutrino densities 1031 cm−3. Along their path from the
vicinity of the NS surface outward, such neutrinos experience flavor transformations dictated by the neutrino
to electron density ratio. We determine the neutrino and electron on the accretion zone and use them to com-
pute the neutrino flavor evolution. For normal and inverted neutrino-mass hierarchies and within the two-flavor
formalism (νeνx), we estimate the final electronic and non-electronic neutrino content after two oscillation pro-
cesses: (1) neutrino collective effects due to neutrino self-interactions where the neutrino density dominates
and, (2) the Mikheyev-Smirnov-Wolfenstein (MSW) effect, where the electron density dominates. We find that
the final neutrino content is composed by ∼55% (∼62%) of electronic neutrinos, i.e. νe + ν¯e, for the normal
(inverted) neutrino-mass hierarchy. The results of this work are the first step toward the characterization of
a novel source of astrophysical MeV-neutrinos in addition to core-collapse SNe and, as such, deserve further
attention.
1. INTRODUCTION
The emergent picture of gamma-ray burst (GRB) is that
both, short-duration and long-duration GRBs, originate from
binary systems (Ruffini et al. 2016b).
Short bursts originate from neutron star-neutron star (NS-
NS) or neutron star-black hole (NS-BH) mergers (see, e.g.,
Goodman 1986; Paczynski 1986; Eichler et al. 1989; Narayan
et al. 1991). For this case Narayan et al. (1992) introduced
the role of neutrino-antineutrino (νν¯) annihilation leading to
the formation of an electron-positron plasma (e−e+) in NS-
NS and NS-BH mergers. Such a result triggered many the-
oretical works, including the general relativistic treatment by
Salmonson & Wilson (2002) of the νν¯ annihilation process
giving rise to the e−e+ plasma in a NS-NS system.
For long bursts we stand on the induced gravitational col-
lapse (IGC) paradigm (Ruffini et al. 2006, 2008; Izzo et al.
2012; Rueda & Ruffini 2012; Fryer et al. 2014; Ruffini et al.
2015a), based on the hypercritical accretion process of the su-
pernova (SN) ejecta of the explosion of a carbon-oxygen core
(COcore) onto a NS binary companion. In the above processes,
the emission of neutrinos is a key ingredient.
We focus hereafter on the neutrino emission of long bursts
within the IGC scenario. The role of neutrinos in this
paradigm has been recently addressed Fryer et al. (2014);
Fryer et al. (2015); Becerra et al. (2015, 2016). The hyper-
critical accretion of the SN ejecta onto the NS companion can
reach very high rates of up to 10−2 M s−1 and its duration can
be of the order of 10–104 s depending on the binary param-
eters. The photons become trapped within the accretion flow
and thus do not serve as an energy sink. The high tempera-
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ture developed on the NS surface leads to e−e+ pairs that, via
weak interactions, annihilate into νν¯ pairs with neutrino lumi-
nosities of up to 1052 erg s−1 for the highest accretion rates.
Thus, this process dominates the cooling and give rise to a
very efficient conversion of the gravitational energy gained by
accretion into radiation. We refer to Becerra et al. (2016) for
further details on this process.
The above hypercritical accretion process can lead the NS
to two alternative fates, leading to the existence of two long
GRB sub-classes (Fryer et al. 2014; Fryer et al. 2015; Becerra
et al. 2015, 2016; Ruffini et al. 2016b):
I. The hypercritical accretion leads to a more massive NS
companion but not to a black hole (BH). These bina-
ries explain the X-ray flashes (XRFs); long bursts with
isotropic energy Eiso . 1052 erg and rest-frame spectral
peak energy Ep,i . 200 keV (see Ruffini et al. 2016b,
for further details). The local observed number den-
sity rate of this GRB sub-class is (Ruffini et al. 2016b):
ρGRB = 100+45−34 Gpc
−3yr−1.
II. The hypercritical accretion is high enough to make the
NS reach its critical mass triggering its gravitational
collapse with consequent BH formation. These binaries
explain the binary-driven hypernovae (BdHNe); long
bursts with Eiso & 1052 erg and Ep,i & 200 keV (see
Ruffini et al. 2016b, for further details). The local ob-
served number density rate of this GRB sub-class is
(Ruffini et al. 2016b): ρGRB = 0.77+0.09−0.08 Gpc
−3yr−1.
Simulations of the hypercritical accretion process in the
above binaries have been presented in Fryer et al. (2014);
Fryer et al. (2015); Becerra et al. (2015, 2016). It has been
shown how, thanks to the development of a copious neutrino
emission near the NS surface, the NS is allowed to accrete
matter from the SN at very high rates. The specific conditions
leading to XRFs and BdHNe as well as a detailed analysis of
the neutrino production in these systems have been presented
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2in Becerra et al. (2016). Neutrino emission can reach lumi-
nosities of 1052 erg s−1 and the mean neutrino energy of the
order of 20 MeV. Under these conditions, XRFs and BdHNe
become astrophysical laboratories for MeV-neutrino physics
additional to core-collapse SNe.
On the other hand, the emission of TeV-PeV neutrinos is
relevant for the observations of detectors such as the Ice-
Cube (Aartsen et al. 2013). High-energy neutrino emission
mechanisms have been proposed within the context of the
traditional model of long GRBs. In the traditional “collap-
sar” scenario (Woosley 1993; Paczyn´ski 1998; MacFadyen &
Woosley 1999) the gravitational collapse of a single, fast ro-
tating, massive star originates a BH surrounded by a massive
accretion disk (see, e.g., Piran 2004, for a review), and the
GRB dynamics follows the “fireball” model that assumes the
existence of an ultra-relativistic collimated jet with Lorentz
factor Γ ∼ 102–103 (see e.g. Shemi & Piran 1990; Piran
et al. 1993; Meszaros et al. 1993; Mao & Yi 1994). This
scenario has been adopted for the explanation of the prompt
emission, as well as both the afterglow and the GeV emis-
sion of long GRBs. The GRB light-curve structures are there
described by (internal or external) shocks (see, e.g., Rees &
Meszaros 1992, 1994). The high-energy neutrinos in this con-
text are produced from the interaction of shock-accelerated
cosmic-rays (e.g. protons) with the interstellar medium (see
e.g. Agostini et al. 2017; Kumar & Zhang 2015, and refer-
ences therein). A recent analysis of the thermal emission of
the X-ray flares observed in the early afterglow of long GRBs
(at source rest-frame times t ∼ 102 s) show that it occurs at
radii ∼ 1012 cm and expands with a mildly-relativistic Γ . 4
(see Ruffini et al. 2017, for further details). This rules out the
ultra-relativistic expansion in the GRB afterglow traditionally
adopted in the literature. Interestingly, the aforementioned
mechanisms of high-energy neutrino production conceived in
the collapsar-fireball model can still be relevant in the con-
text of BdHNe and authentic short GRBs (S-GRBs, NS-NS
mergers with Eiso & 1052 erg leading to BH formation; see
Ruffini et al. 2016b, for the classification of long and short
bursts in seven different sub-classes). The emission in the 0.1–
100 GeV energy band observed in these two GRB sub-classes
has been shown to be well explained by a subsequent accre-
tion process onto the newly-born BH (Ruffini et al. 2015a,b,
2016a,b; Aimuratov et al. 2017; see also Aimuratov et al. in
preparation). Such GeV emission is not causally connected
either with the prompt emission or with the afterglow emis-
sion comprising the flaring activity (Ruffini et al. 2017). An
ultra-relativistic expanding component is therefore expected
to occur in BdHNe and S-GRBs which deserves to be ex-
plored in forthcoming studies as a possible source of high-
energy neutrinos. Specifically, this motivates the present arti-
cle to identify the possible additional channels to be explored
in the hypercritical accretion not around a NS but around a
BH.
The aim of this article is to extend the analysis of the
MeV-neutrino emission in the hypercritical accretion process
around a NS in the XRFs and BdHNe to assess the possible
occurrence of neutrino flavor oscillations.
We shall show in this work that, before escaping to the outer
space, i.e. outside the Bondi-Hoyle accretion region, the neu-
trinos experience an interesting phenomenology. The neutrino
density near the NS surface is so high that the neutrino self-
interaction potential, usually negligible in other very well-
known scenarios like the Sun, the upper layers of Earth’s at-
mosphere and terrestrial reactor and accelerator experiments,
becomes more relevant than the matter potential responsible
for the famous Mikheyev-Smirnov-Wolfenstein (MSW) ef-
fect (Wolfenstein 1978; Mikheev & Smirnov 1986). A num-
ber of papers have been dedicated to the consequences of the
neutrino self-interaction dominance (Notzold & Raffelt 1988;
Pantaleone 1992; Qian & Fuller 1995; Pastor & Raffelt 2002;
Duan et al. 2006b; Sawyer 2005; Fuller & Qian 2006; Fogli
et al. 2007; Duan et al. 2007; Raffelt & Sigl 2007; Esteban-
Pretel et al. 2007, 2008; Chakraborty et al. 2008; Duan et al.
2008a,b; Dasgupta et al. 2008a; Dasgupta & Dighe 2008;
Sawyer 2009; Duan et al. 2010; Wu & Qian 2011), most of
them focused on SN neutrinos. In these cases, the SN induces
the appearance of collective effects such as synchronized and
bipolar oscillations leading to an entirely new flavor content
of emitted neutrinos when compared with the spectrum cre-
ated deep inside the star. The density of neutrinos produced
in the hypercritical accretion process of XRFs and BdHNe
is such that the neutrino self-interactions, as in the case of
SNe, dominate the neutrino flavor evolution, giving rise to the
aforementioned collective effects. The main neutrino source,
in this case, is the νν¯ pair production from e−e+ annihilation
(Becerra et al. 2016) which leads to an equal number of neu-
trinos and antineutrinos of each type. This equality does not
happen in the SN standard scenario. We will show that bipo-
lar oscillations, inducing very quick flavor pair conversions
νeν¯e ↔ νµν¯µ ↔ ντν¯τ, can occur with oscillation length as
small as O(0.05–1) kilometers. However, the ν–ν¯ symme-
try characterizing our system leads to the occurrence of kine-
matic decoherence making the neutrino flavor content to reach
equipartition deep inside the accretion zone. In the regions far
from the NS surface where the neutrino density is not so high,
the matter potential turns to dominate and MSW resonances
can take place. As a result, an entirely different neutrino flavor
content emerges from the Bondi-Hoyle surface when com-
pared with what was originally created in the bottom of the
accretion zone.
This article is organized as follows. In Sec. 2 we outline the
general features of the accretion process onto the NS within
the IGC paradigm and present the processes responsible for
the neutrino creation. From these features, we obtain the dis-
tribution functions that describe the neutrino spectrum near
the NS surface. Sec. 3 shows a derivation of the equations
that drive the evolution of neutrino oscillations closely re-
lated to the geometrical and physical characteristics of our
system. We discuss some details on the neutrino oscillation
phenomenology. Since we have to face a nonlinear integro-
differential system of equations of motion, we introduce the
single-angle approximation to later recover the full realistic
phenomenology after generalizing our results to the multi-
angle approach and, consequently, de-coherent picture. In
Sec. 5 the final neutrino emission spectra are presented and
compared with those ones in which neutrinos are created in
the accretion zone. Finally, we present in Sec. 6 the conclu-
sions and some perspectives for future research on this sub-
ject.
2. NEUTRINO CREATION DURING HYPERCRITICAL ACCRETION
The SN material first reaches the gravitational capture re-
gion of the NS companion, namely the Bondi-Hoyle region.
The infalling material shocks as it piles up onto the NS surface
forming an accretion zone where it compresses and eventually
becomes sufficiently hot to trigger a highly efficient neutrino
emission process. Neutrinos take away most of the infalling
matter’s gravitational energy gain, letting it reduce its entropy
3Fig. 1.— Schematic representation of the accretion process onto the NS
and the neutrino emission. The supernova ejected material reaches the NS
Bondi-Hoyle radius and falls onto the NS surface. The material shocks and
decelerates as it piles over the NS surface. At the neutrino emission zone,
neutrinos take away most of the infalling matter’s energy. The neutrino emis-
sion allows the material to reduce its entropy to be incorporated to the NS.
The image is not to scale. For binary system with MNS = 2M and RNS = 10
km, and a MZAMS = 20M progenitor, at M˙ = 10−2M/s, the position of the
Bondi-Hoyle and Shock radii are 2.3 × 105 km and 31 km, respectively. The
neutrino emission zone’s thickness is ∆rν = 0.8 km.
and be incorporated into the NS. Fig. 1 shows a sketch of this
entire hypercritical accretion process.
It was shown in Becerra et al. (2016) that the matter in the
accretion zone near the NS surface develops conditions of
temperature and density such that it is in a non-degenerate,
relativistic, hot plasma state. The most efficient neutrino
emission channel under those conditions becomes the elec-
tron positron pair annihilation process:
e−e+→ ν ν¯. (1)
The neutrino emissivity produced by this process is propor-
tional to the accretion rate to the 9/4 power (see below). This
implies that the higher the accretion rate the higher the neu-
trino flux, hence the largest neutrino flux occurs at the largest
accretion rate.
We turn now to estimate the accretion rate and thus the neu-
trino emissivity we expect in our systems.
2.1. Accretion rate in XRFs and BdHNe
We first discuss the amount of SN matter per unit time
reaching the gravitational capture region of the NS compan-
ion, namely the Bondi-Hoyle accretion rate. It has been
shown in Bayless et al. (2015); Becerra et al. (2016) that the
shorter (smaller) the orbital period (separation) the higher the
peak accretion rate M˙peak and the shorter the time at which it
peaks, tpeak.
The Bondi-Hoyle accretion rate is proportional to the den-
sity of the accreted matter and inversely proportional to its
velocity. Thus, we expect the accretion rate to increase as the
denser and slower inner layers of the SN reach the accretion
region. Based on these arguments, Becerra et al. (2016) de-
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Fig. 2.— Peak accretion rate, M˙peak, as a function of the binary orbital pe-
riod, as given by Eq. (2). This example corresponds to the following bi-
nary parameters: a COcore formed by a MZAMS = 20 M progenitor, i.e.
MCO = 5.4 M, an initial NS mass 2.0 M, vstar,0 = 2× 109 cm s−1, η ≈ 0.41
and index m = 2.946 (see Becerra et al. 2016, for further details). For these
parameters the largest orbital period for the induced collapse of the NS to
a BH by accretion is Pmax ≈ 127 min which is represented by the vertical
dashed line.
rived simple, analytic formulas for M˙peak and tpeak as a func-
tion of the orbital period (given all the other binary param-
eters) that catch both the qualitatively and quantitatively be-
haviors of these two quantities obtained from full numerical
integration. We refer the reader to the Appendix A of that
article for further details. For the scope of this work these an-
alytic expressions are sufficient to give us an estimate of the
hypercritical accretion rates and related time scale developed
in these systems:
tpeak ≈
(
1 − 2MNS
M
) (GM
4pi2
)1/3 ( R0star
ηRcore
)
P2/3
vstar,0
, (2a)
M˙peak ≈ 2pi2 (2MNS/M)
5/2
(1 − 2MNS/M)3 η
3−m ρcore R
3
core
P
, (2b)
where P is the orbital period, m is the index of the power-law
density profile of the pre-SN envelope, vstar,0 is the velocity
of the outermost layer of the SN ejecta, M = MCO + MNS is
the total binary mass, MCO = Menv + MνNS is the total mass
of the COcore given by the envelope mass and the mass of
the central remnant, i.e. the new NS (hereafter νNS) formed
from the region of the COcore which undergoes core-collapse
(i.e. roughly speaking the iron core of density ρcore and radius
Rcore). We here adopt MνNS = 1.5 M. The parameter η is
given by
η ≡ R
0
star
Rcore
1 + m
1 + m(R0star/Rˆcore)
, (3)
where R0star is the total radius of the pre-SN COcore; ρˆcore
and Rˆcore are parameters of the pre-SN density profile intro-
duced to account of the finite size of the envelope, and m is
the power-law index followed by the density profile at radii
r > Rcore (see Becerra et al. 2016, for further details).
Fig. 2 shows the peak accretion rate in Eq. (2) as a function
of the orbital period. In this example, we consider the follow-
ing binary parameters (see Becerra et al. 2016, for details): a
COcore produced by a zero-age main-sequence (ZAMS) pro-
genitor with MZAMS = 20 M, i.e. MCO = 5.4 M, an initial
NS mass 2.0 M, and a velocity of the outermost ejecta layer
4vstar,0 = 2 × 109 cm s−1. For these parameters, η ≈ 0.41.
It was shown in Becerra et al. (2015, 2016) the existence
of a maximum orbital period, Pmax, over which the accre-
tion onto NS companion is not high enough to bring it to
the critical mass for gravitational collapse to a BH. As we
have recalled in the Introduction, COcore-NS binaries with
P > Pmax lead to XRFs while the ones with P . Pmax lead to
BdHNe. For the binary parameters of the example in Fig. 2,
Pmax ≈ 127 min (vertical dashed line). We can therefore con-
clude that BdHNe can have peak accretion rates in the range
M˙peak ∼ 10−3– few 10−2 M s−1 while XRFs would have
M˙peak ∼ 10−4–10−3 M s−1.
2.2. Neutrino emission at maximum accretion
For the accretion rate conditions characteristic of our mod-
els at peak ∼ 10−4–10−2 M s−1, pair annihilation dominates
the neutrino emission and electron neutrinos remove the bulk
of the energy (Becerra et al. 2016). The e+e− pairs producing
the neutrinos are thermalized at the matter temperature. This
temperature is approximately given by:
Tacc ≈
(
3Pshock
4σ/c
)1/4
=
78 M˙accvaccc4piR2NSσ
1/4 , (4)
where Pshock is the pressure of the shock developed on the ac-
cretion zone above the NS surface, M˙acc is the accretion rate,
vacc is the velocity of the infalling material, σ is the Stefan-
Boltzmann constant and c the speed of light. It can be checked
that, for the above accretion rates, the system develops tem-
peratures and densities (T & 1010 K and ρ & 106 g cm−3; see
e.g. Fig. 16 in Becerra et al. 2016) for which the neutrino
emissivity of the e+e− annhiliation process can be estimated
by the simple formula (Yakovlev et al. 2001):
e−e+ ≈ 8.69 × 1030
(
kBT
1 MeV
)9
MeV cm−3 s−1, (5)
where kB is the Boltzmann constant.
The accretion zone is characterized by a temperature gra-
dient with a typical scale height ∆rER = T/∇T ≈ 0.7 RNS.
Owing to the strong dependence of the neutrino emission on
temperature, most of the neutrinos are emitted from a spheri-
cal shell around the NS of thickness (see Fig. 1)
∆rν =
e−e+
∇e−e+ =
∆rER
9
≈ 0.08RNS. (6)
Eqs. (4) and (5) imply the neutrino emissivity satisfies e−e+ ∝
M˙9/4acc as we had anticipated. These conditions lead to the neu-
trinos to be efficient in balancing the gravitational potential
energy gain, allowing the hypercritical accretion rates. The
effective accretion onto the NS can be estimated as
M˙eff ≈ ∆Mν LνEg , (7)
where ∆Mν, Lν are, respectively, the mass and neu-
trino luminosity in the emission region, and Eg =
(1/2)GMNS∆Mν/(Rν + ∆rν) is half the gravitational poten-
tial energy gained by the material falling from infinity to the
RNS + ∆rν. The neutrino luminosity is
Lν ≈ 4piR2NS∆rνe−e+ . (8)
with e−e+ being the neutrino emissivity in Eq. (5). For MNS =
2 M and temperatures 1–10 MeV, the Eqs. (7) and (8) result
M˙eff ≈ 10−10–10−1 M s−1 and Lν ≈ 1048–1057 MeV s−1.
2.3. Neutrino spectrum at the NS surface
After discussing the general features of neutrino emission
during the accretion process, it is necessary for our analysis
of the neutrino oscillations to determine the neutrino spec-
trum at the NS surface. Specifically, we need to determine
the ratios at which the neutrinos of each flavor are created and
their average energy so that we can find a fitting distribution
function fν with these characteristics.
Since the main source of neutrinos is the e−e+ pair annihila-
tion process we can conclude that neutrinos and antineutrinos
are created in equal number. Furthermore, the information
about the neutrino and antineutrino emission of a given flavor
i can be calculated from the integral (Yakovlev et al. 2001):
εmi =
2G2F
(
mec2
)4
3 (2pi~)7 (~c)3
∫
fe− fe+
(
Eme− + E
m
e+
)
Ee−Ee+
σi d3pe−d3pe+ (9)
where GF = 8.963 × 10−44 MeV cm3 is the Fermi constant
of weak interactions. Here m = 0, 1, . . . and should not be
confused with the index of the power-law density profile of
the pre-SN envelope in Sec. 2.1). fe± are the Fermi-Dirac
distributions for electron and positrons
fe∓ =
1
1 + exp
(
Ee∓
kBT
∓ ηe∓
) . (10)
ηe∓ is the electron (positron) degeneracy parameter includ-
ing it’s rest mass. The Dicus cross section σi is written
in terms of the electron and positron four-momenta pe± =
(Ee±/c,pe± ) as (Dicus 1972)
σi = C2+,i
(
1 + 3
pe− · pe+
(cme)2
+2
(pe− · pe+ )2
(cme)4
)
+ 3C2−,i
(
1 +
pe− · pe+
(cme)2
)
. (11)
The factorsC2±,i, are written in terms of the weak interaction
vector and axial-vector constants: C2±,i = C
2
Vi
± C2Ai , where
CVe = 2 sin
2 θW+1/2,CAe = 1/2,CVµ = CVτ = CVe−1 andCAµ =
CAτ = CAe − 1 with the numerical value of the Weinberg angle
approximated by sin2 θW ≈ 0.231 (Patrignani et al. 2016).
For m = 0 and m = 1 Eq. (9) gives the neutrino and an-
tineutrino number emissivity (neutrino production rate), and
the neutrino and antineutrino energy emissivity (energy per
unit volume per unit time) for a certain flavor i, respectively.
Hence, not only we are able to calculate the total number
emissivity with
n =
∑
i∈{e,τ,µ}
ε0i , (12)
but we can also calculate the neutrino or antineutrino energy
moments with
〈Emνi(ν¯i)〉 =
εmi
ε0i
, for m ≥ 1. (13)
We wish to construct a Fermi-Dirac like fitting formula for
the neutrino spectrum as it is usually done in supernovae neu-
trino emission (Janka & Hillebrandt 1989a,b). That is, a func-
tion like Eq. (10) in terms of two parameters: the effective
5M˙ ρ kBT ηe∓ ne−− ne+ kBTνν¯ 〈Eν〉 FCνe ,ν¯e FCνx ,ν¯x nCνe ν¯e nCνx ν¯x
∑
i nCνi ν¯i
(M s−1) (g cm−3) (MeV) (cm−3) (MeV) (MeV) (cm−2s−1) (cm−2s−1) (cm−3) (cm−3) (cm−3)
10−8 1.46 × 106 1.56 ∓0.325 4.41 × 1029 1.78 6.39 4.17 × 1036 1.79 × 1036 2.78 × 1026 1.19 × 1026 3.97 × 1026
10−7 3.90 × 106 2.01 ∓0.251 1.25 × 1030 2.28 8.24 3.16 × 1037 1.36 × 1037 2.11 × 1027 9.00 × 1026 3.01 × 1027
10−6 1.12 × 107 2.59 ∓0.193 3.38 × 1030 2.93 10.61 2.40 × 1038 1.03 × 1038 1.60 × 1028 6.90 × 1027 2.29 × 1028
10−5 3.10 × 107 3.34 ∓0.147 9.56 × 1030 3.78 13.69 1.84 × 1039 7.87 × 1038 1.23 × 1029 5.20 × 1028 1.75 × 1029
10−4 8.66 × 107 4.30 ∓0.111 2.61 × 1031 4.87 17.62 1.39 × 1040 5.94 × 1039 9.24 × 1029 3.96 × 1029 1.32 × 1030
10−3 2.48 × 108 5.54 ∓0.082 7.65 × 1031 6.28 22.70 1.04 × 1041 4.51 × 1040 7.00 × 1030 3.00 × 1030 1.00 × 1031
10−2 7.54 × 108 7.13 ∓0.057 2.27 × 1032 8.08 29.22 7.92 × 1041 3.39 × 1041 5.28 × 1031 2.26 × 1031 7.54 × 1031
TABLE 1
Characteristics inside the neutrino emission zone and the neutrino spectrum for selected values of the accretion rate M˙. The electron fraction is Ye = 0.5,
the pinching parameter for the neutrino spectrum is ηνν¯ = 2.0376 and the.
neutrino temperature Tνν¯ and the effective neutrino degener-
acy parameter ηνν¯ otherwise known as the pinching parameter
(Raffelt 1996; Keil et al. 2003). To that end, it is enough to
calculate the first two moments. In particular, for a relativistic
non-degenerate plasma (kBT > 2mec2 and 1 > ηe∓ see table
1) Eq. (9) can be approximated with a very good accuracy by
(Yakovlev et al. 2001)
εmi ≈
2G2F (kBT )
8+m
9pi5~ (~c)9
C2+,i
[Fm+1 (ηe+ )F1 (ηe− )
+Fm+1 (ηe− )F1 (ηe+ )] (14)
where Fk (η) =
∫ ∞
0 dx x
k/
[
1 + exp (x − η)] are the Fermi-
Dirac integrals. For m = 1, ηe± = 0 and adding over every
flavor this expression reduces to Eq. (5). With Eqs. (13) and
(14) we find
〈Eν〉 = 〈Eν¯〉 ≈ 4.1 kBT (15a)
〈E2ν〉 = 〈E2ν¯〉 ≈ 20.8 (kBT )2 , (15b)
regardless of the neutrino flavor. Furthermore, we can calcu-
late the ratio of emission rates between electronic and non-
electronic neutrino flavors in terms of the weak interaction
constants
ε0e
ε0x
=
ε0e
ε0µ + ε
0
τ
=
C2+,e
C2+,µ +C2+,τ
≈ 7
3
. (16)
Some comments must be made about the results we have
obtained:
• It is well known that, within the Standard Model of
Particles, there are three neutrino flavors νe, ν¯e, νµ, ν¯µ
and ντ, ν¯τ. However, as in Eq. (16), we will simplify
our description using only two flavors: the electronic
neutrinos and antineutrinos νe, ν¯e, and a superposition
of the other flavors νx, ν¯x (x = µ + τ). This can be
understood as follows. Since the matter in the accre-
tion zone is composed by protons, neutrons, electrons
and positrons, νe and ν¯e interact with matter by both
charged and neutral currents, while νµ, ντ, ν¯µ and ν¯τ
interact only by neutral currents. Therefore, the behav-
ior of these states can be clearly divided into electronic
and non-electronic. This distinction will come in handy
when studying neutrino oscillations.
• Representing the neutrino (antineutrino) density and
flux in the moment of their creation with ncνi(ν¯i) and
Fcνi(ν¯i) respectively and using Eq. (16) we can recollect
two important facts:
nCνi = n
C
ν¯i
, FCνi = F
C
ν¯i
∀i ∈ {e, µ, τ} (17a)
nCνe
nCνx
=
nCν¯e
nCν¯x
=
FCνe
FCνx
=
FCν¯e
FCν¯x
≈ 7
3
. (17b)
Eqs. (17) imply that, in the specific environment of our
system, of the total number of neutrinos+antineutrinos
emitted, Nν + Nν¯, 70% are electronic neutrinos (Nνe +
Nν¯e ), 30% are non-electronic (Nνx + Nν¯x ), while the to-
tal number of neutrinos is equal to the total number of
antineutrinos, i.e. Nν = Nν¯, where Nν = Nνe + Nνx and
Nν¯ = Nν¯e + Nν¯x .
• Bearing in mind such high neutrino energies as the ones
suggested by Eqs. (15) , from here on out we will use
the approximation
Eν ≈ c|p|  mνc2, (18)
where p is the neutrino momentum.
• From Eq. (13) we obtain the same energy moments for
both neutrinos and antineutrinos but, as Misiaszek et al.
(2006) points out, these energies should be different
since, in reality, this expression returns the arithmetic
mean of the particle and antiparticle energy moments,
that is
(
〈Emν 〉 + 〈Emν¯ 〉
)
/2. However, if we calculate the
differences between the energy moments with equa-
tions (41) and (46) in Misiaszek et al. (2006) for the
values of T and ηe± we are considering, we get ∆〈E〉 ∼
10−2–10−3 MeV and ∆〈E2〉 ∼ 10−3–10−4 MeV2. These
differences are small enough that we can use the same
effective temperature and pinching parameter for both
neutrinos and antineutrinos.
Solving the equations
4.1kBT = kBTνν¯
F3 (ηνν¯)
F2 (ηνν¯) (19a)
20.8 (kBT )2 = (kBTνν¯)2
F4 (ηνν¯)
F2 (ηνν¯) (19b)
for any value of T in table (1) we find Tνν¯ = 1.1331T and
ηνν¯ = 2.0376. Integrating Eq. (10) over the neutrino momen-
tum space using these values should give the neutrino num-
ber density. To achieve this we normalize it with the factor
1/
(
2pi2 (kBTνν¯)3 F2 (ηνν¯)
)
and then we multiply by
nCνi(ν¯i) = wνi(ν¯i)
Lν
4piR2NS〈Eν〉〈v〉
= wνi(ν¯i)
ε0i ∆rν
c/2
, (20)
6where the neutrino’s average radial velocity at r = RNS is
〈v〉 = c/2 (Dasgupta et al. 2008b) and wνe = wν¯e = 0.35 and
wνx = wν¯x = 0.15. To calculate the neutrino fluxes we simply
FC
ν(ν¯i)
= 〈v〉nc
νi(ν¯i)
. Gathering our results we can finally write
the distribution functions as
fνe = fν¯e =
2pi2 (~c)3 nCνe
(kBTνν¯)3 F2 (ηνν¯)
1
1 + exp (E/kBTνν¯ − ηνν¯) (21a)
fνx = fν¯x =
2pi2 (~c)3 nCνx
(kBTνν¯)3 F2 (ηνν¯)
1
1 + exp (E/kBTνν¯ − ηνν¯) (21b)
It can be checked that these distributions obey∫
fνi
d3p
(2pi~)3
= nCνi (22a)∫
E fνi
d3p
(2pi~)3
= 〈Eν〉nCνi = ε1i (22b)
and with these conditions satisfied we can conclude that
Eqs. (21) are precisely the ones that emulate the neutrino
spectrum at the NS surface. In Table 1 we have collected
the values of every important quantity used in the calculations
within this section for the range of accretion rates in which
we are interested.
Considering that the problem we attacked in this section re-
duces to finding a normalized distribution whose first two mo-
ments are fixed, the choice we have made with Eqs. (21) is not
unique. The solution depends on how many moments are used
to fit the distribution and what kind of function is used as an
ansatz. A different solution based on a Maxwell-Boltzmann
distribution can be found in Keil et al. (2003); Fogli et al.
(2005); Misiaszek et al. (2006).
At this stage, we can identify two main differences between
neutrino emission in SNe and in the IGC process of XRFs and
BdHNe, within the context of neutrino oscillations. The sig-
nificance of these differences will become clearer in next sec-
tions but we mention them here to establish a point of compar-
ison between the two systems since SN neutrino oscillations
have been extensively studied.
• Neutrinos of all flavors in XRFs and BdHNe have the
same temperature, which leads to equal average energy.
The neutrinos produced in SNe are trapped and kept
in thermal equilibrium within their respective neutrino-
sphere. The neutrino-spheres have different radii, caus-
ing different flavors to have different average energies.
This energy difference leads to a phenomenon called
spectral stepwise swap which, as we will show below,
is not present in our systems (see, e.g., Raffelt 1996;
Fogli et al. 2007; Dasgupta & Dighe 2008, and refer-
ences therein).
• As we have discussed above, in XRFs and BdHNe neu-
trinos and antineutrinos are emitted in equal number.
Due to this fact, kinematical decoherence occurs (up to
a number difference of 30% this statement is valid; see
Sec. 4 for further details). Instead, SN neutrino and an-
tineutrino fluxes differ such that Fνe > Fν¯e > Fνx = Fν¯x .
It has been argued that this difference between neutri-
nos and antineutrinos is enough to dampen kinematical
decoherence, so that bipolar oscillations are a feature
present in SN neutrinos (see, e.g., Esteban-Pretel et al.
2007).
In the next section, we will use the results presented here to
determine the neutrino flavor evolution in the accretion zone.
3. NEUTRINO OSCILLATIONS
In recent years the picture of neutrino oscillations in dense
media, based only on MSW effects, has undergone a change
of paradigm by the insight that the refractive effects of neu-
trinos on themselves due to the neutrino self-interaction po-
tential are crucial (Notzold & Raffelt 1988; Pantaleone 1992;
Qian & Fuller 1995; Pastor & Raffelt 2002; Duan et al. 2006b;
Sawyer 2005; Fuller & Qian 2006; Fogli et al. 2007; Duan
et al. 2007; Raffelt & Sigl 2007; Esteban-Pretel et al. 2007,
2008; Chakraborty et al. 2008; Duan et al. 2008a,b; Dasgupta
et al. 2008a; Dasgupta & Dighe 2008; Sawyer 2009; Duan
et al. 2010; Wu & Qian 2011).
As we discussed in Sec. 2, in our physical system of interest
neutrinos are mainly created by electron-positron pair annihi-
lation and so the number of neutrinos is equal to the number
of antineutrinos. Such a fact creates an interesting and unique
physical situation, different from, for example, SN neutrinos
for which traditional models predict a predominance of elec-
tron neutrinos mainly due to the deleptonization caused by the
URCA process (see, e.g., Esteban-Pretel et al. 2007).
The neutrino self-interaction potential decays with the ra-
dial distance from the neutron star faster than the matter po-
tential. This is a direct consequence of the usual 1/r2 flux
dilution and the collinearity effects due to the neutrino veloc-
ity dependence of the potential. Consequently, we identify
three different regions along the neutrino trajectory in which
the oscillations are dominated by intrinsically different neu-
trino phenomenology. Fig. 3 illustrates the typical situation of
the physical system we are analyzing. Just after the neutrino
creation in the regions of the accretion zone very close to the
surface of the NS, neutrinos undergo kinematic decoherence
along the same length scale of a single cycle of the so-called
bipolar oscillations. Bipolar oscillations imply very fast fla-
vor conversion between neutrino pairs νeν¯e ↔ νµν¯µ ↔ ντν¯τ
and, amazingly, the oscillation length in this region can be
so small as of the order tens of meters. Note that kinematic
decoherence is just the averaging over flavor neutrino states
process resulting from quick flavor conversion which oscilla-
tion length depends on the neutrino energy. It does not im-
ply quantum decoherence and, thus, neutrinos are yet able to
quantum oscillate if appropriate conditions are satisfied. In
fact, as it can be observed from Figs. 4 and 5 below, bipo-
lar oscillations preserve the characteristic oscillation pattern,
differently from quantum decoherence which would lead to a
monotonous dumping figure.
Kinematic decoherence is relevant when three conditions
are met: (i) The self-interaction potential dominates over the
vacuum potential. (ii) The matter potential does not fulfill the
MSW condition. (iii) There is a low asymmetry between the
neutrino and antineutrino fluxes. We will see that our system
satisfies all three conditions.
As the self-interaction potential becomes small and the mat-
ter potential becomes important, oscillations are suppressed
and we do not expect significant changes in the neutrino fla-
vor content along this region. This situation changes radically
when the matter potential is so small that it is comparable with
neutrino vacuum frequencies ∆m2/2p, where ∆m2 is the neu-
trino squared mass difference and p is the norm of the neutrino
momentum p. In this region, the neutrino self-interaction po-
tential is negligible and the usual MSW resonances can occur.
Therefore, we can expect a change in the neutrino spectrum.
7We dedicate this section to a detailed derivation of the equa-
tions of motion (EoM) of flavor evolution. In later sections,
we will analyze the neutrino oscillation phenomenology to
build the neutrino emission spectrum from a binary hyper-
accretion system.
3.1. Equations of motion
The equations of motion (EoM) that govern the evolution
of an ensemble of mixed neutrinos are the quantum Liouville
equations
iρ˙p = [Hp, ρp] (23a)
i ˙¯ρp = [H¯p, ρ¯p] (23b)
where we have adopted the natural units c = ~ = 1. In these
equations ρp (ρ¯p) is the matrix of occupation numbers (ρp)i j =
〈a†jai〉p for neutrinos ((ρ¯p)i j = 〈a¯†i a¯ j〉p for antineutrinos), for
each momentum p and flavors i, j. The diagonal elements are
the distribution functions fνi(ν¯i) (p) such that their integration
over the momentum space gives the neutrino number density
nνi of a determined flavor i. The off-diagonal elements provide
information about the overlapping between the two neutrino
flavors.
Taking into account the current-current nature of the weak
interaction in the standard model, the Hamiltonian for each
equation is (Dolgov 1981; Sigl & Raffelt 1993; Hannestad
et al. 2006)
Hp = Ωp +
√
2GF
∫ (
lq − l¯q
) (
1 − vq · vp
) d3q
(2pi)3
+
√
2GF
∫ (
ρq − ρ¯q
) (
1 − vq · vp
) d3q
(2pi)3
(24a)
H¯p = −Ωp +
√
2GF
∫ (
lq − l¯q
) (
1 − vq · vp
) d3q
(2pi)3
+
√
2GF
∫ (
ρq − ρ¯q
) (
1 − vq · vp
) d3q
(2pi)3
(24b)
∆m221 = 7.37 (6.93 − 7.97) × 10−5 eV2
|∆m2 | = 2.50 (2.37 − 2.63) × 10−3 eV2 Normal Hierarchy
|∆m2 | = 2.46 (2.33 − 2.60) × 10−3 eV2 Inverted Hierarchy
sin2 θ12 = 0.297 (0.250 − 0.354)
sin2 θ23(∆m2 > 0) = 0.437 (0.379 − 0.616)
sin2 θ23(∆m2 < 0) = 0.569 (0.383 − 0.637)
sin2 θ13(∆m2 > 0) = 0.0214 (0.0185 − 0.0246)
sin2 θ13(∆m2 < 0) = 0.0218 (0.0186 − 0.0248)
TABLE 2
Mixing and squared mass differences as they appear in Patrignani et al.
(2016). Error values in parenthesis are shown in 3σ interval. The squared
mass difference is defined as ∆m2 = m23 −
(
m22 + m
2
1
)
/2.
where Ωp is the matrix of vacuum oscillation frequencies, lp
and l¯p are matrices of occupation numbers for charged leptons
built in a similar way to the neutrino matrices, and vp = p/p
is the velocity of a particle with momentum p (either neutrino
or charged lepton).
As in Sec. 2 we will only consider two neutrino flavors: e
and x = µ + τ. Three-flavor oscillations can be approximated
to two-flavor oscillations as a result of the strong hierarchy
of the squared mass differences |∆m213| ≈ |∆m223|  |∆m212|
(see Table 2). In this case, only the smallest mixing angle
θ13 is considered. We will drop the suffix for the rest of the
discussion. Consequently, the relevant oscillations are νe 

νx and ν¯e 
 ν¯x, and each term in the Hamiltonian governing
oscillations becomes a 2 × 2 Hermitian matrix.
Let us first present the relevant equations for neutrinos. Due
to the similarity between Hp and H¯p, the corresponding equa-
tions for antineutrinos can be obtained in an analogous man-
ner. In the two-flavor approximation, ρ in Eq. (23) can be
written in terms of Pauli matrices and the polarization vector
Pp as:
ρp =
(
ρee ρex
ρxe ρxx
)
p
=
1
2
(
fp1 + Pp · ~σ
)
, (25)
where fp = Tr[ρp] = fνe (p) + fνx (p) is the sum of the distribu-
tion functions for νe and νx. Note that the z component of the
polarization vector obeys
Pzp = fνe (p) − fνx (p). (26)
Hence, this component tracks the fractional flavor compo-
sition of the system and appropriately normalizing ρp allows
to define a survival and mixing probability
Pνe↔νe =
1
2
(
1 + Pzp
)
, (27a)
Pνe↔νx =
1
2
(
1 − Pzp
)
. (27b)
On the other hand, the Hamiltonian can be written as a sum
of three interaction terms:
H = Hvacuum + Hmatter + Hνν. (28)
where H is the two-flavor Hamiltonian. The first term is the
Hamiltonian in vacuum (Qian & Fuller 1995):
Hvacuum =
ωp
2
( − cos 2θ sin 2θ
sin 2θ cos 2θ
)
=
ωp
2
~B · ~σ (29)
where ωp = ∆m2/2p, ~B = (sin 2θ, 0,− cos 2θ) and θ is the
smallest neutrino mixing angle in vacuum.
The other two terms in Eqs. (24) are special since they make
the evolution equations non-linear. Even though they are very
similar, we are considering that the electrons during the ac-
cretion form an isotropic gas; hence, the vector vq in the first
integral is distributed uniformly on the unit sphere and the
factor vq · vp averages to zero. After integrating the matter
Hamiltonian is given by:
Hmatter =
λ
2
( 1 0
0 −1
)
=
λ
2
~L · ~σ (30)
8where λ =
√
2GF (ne− − ne+ ) is the charged current matter
potential and ~L = (0, 0, 1).
Such simplification cannot be made with the final term.
Since neutrinos are responsible for the energy loss of the in-
falling material during accretion, they must be escaping the
accretion zone and the net neutrino and antineutrino flux is
non-zero.In this case the factor vq · vp cannot be averaged to
zero. At any rate, we can still use Eq. (25) and obtain (Panta-
leone 1992; Zhu et al. 2016; Malkus et al. 2016):
Hνν =
√
2GF
[∫ (
1 − vq · vp
) (
Pq − P¯q
) d3q
(2pi)3
]
· ~σ (31)
Introducing every Hamiltonian term in Eqs. (23), and us-
ing the commutation relations of the Pauli matrices, we find
the EoM for neutrinos and antineutrinos for each momentum
mode p:
P˙p =
[
ωp~B +λ~L +
√
2GF
∫ (
1 − vq · vp
) (
Pq − P¯q
) d3q
(2pi)3
]
× Pp
(32a)
˙¯Pp =
[
−ωp~B +λ~L +
√
2GF
∫ (
1 − vq · vp
) (
Pq − P¯q
) d3q
(2pi)3
]
× P¯p.
(32b)
Solving the above equations would yield the polarization
vectors as a function of time. However, in our specific physi-
cal system, both the matter potential λ and the neutrino poten-
tial vary with the radial distance from the NS surface as well
as the instant t of the physical process which can be char-
acterized by the accretion rate M˙. As we will see later, the
time dependence can be ignored. This means that Eqs. (32)
must be written in a way that makes explicit the spatial de-
pendence, i.e. in terms of the vector r. For an isotropic and
homogeneous neutrino gas or a collimated ray of neutrinos
the expression dt = dr would be good enough, but for radi-
ating extended sources the situation is more complicated. In
Eqs. (23) we must replace the matrices of occupation num-
bers by the space dependent Wigner functions ρp,r (and ρ¯p,r)
and the total time derivative by the Liouville operator (Cardall
2008; Strack & Burrows 2005)
ρ˙p,r =
∂ρp,r
∂t
+ vp · ∇r ρp,r + p˙ · ∇p ρp,r (33)
We will ignore the third term of the Liouville operator since
we won’t consider the gravitational deflection of neutrinos.
For peak accretion rates M˙ ≈ 10−8–10−2 M/s the charac-
teristic accretion time is ∆tacc = M/M˙ ≈ M/M˙ ≈ 108–
102 s. The distances traveled by a neutrino in these times
are r ≈ 3×1012–3×1018 cm. These distances are much larger
than the typical binary separation a. As a consequence, we
can consider the neutrino evolution to be a stationary process.
This fact allows us to neglect the first term in Eq. (33). Putting
together these results, the EoM become:
ivp · ∇r ρp,r = [Hp,r, ρp,r] (34a)
ivp · ∇r ρ¯p,r = [H¯p,r, ρ¯p,r], (34b)
where Hp,r and H¯p,r are the same as (24) but the matrices of
densities (as well as the polarization vectors) depend on the
position r. Note, however, that the electrons in the accretion
zone still form an isotropic gas and Eq. (30) is still valid and
the matter Hamiltonian depends on r through ne− (r) − ne+ (r).
The first two terms in the Hamiltonian remain virtually un-
changed. On the other hand, projecting the EoM onto the ra-
dial distance from the NS and using the axial symmetry of the
system, the integral in the neutrino-neutrino interaction term
can be written as
√
2GF
(2pi)2
∫ (
1 − vϑ′rvϑr
) (
ρq,ϑ′,r− ρ¯q,ϑ′,r
)
q2dq|d cosϑ′r |. (35)
Since the farther from the NS the interacting neutrinos ap-
proach a perfect collinearity, the projected velocities vϑr be-
come decreasing functions of the position. In this particular
geometry the diagonal elements of the matrix of densities are
written as a product of independent distributions over each
variable p, ϑ, φ, where the φ dependence has been integrated
out. The one over p is the normalized Fermi-Dirac distribu-
tion and the one over ϑ is assumed uniform due to symmetry.
The r dependence is obtained through the geometrical flux di-
lution. Knowing this, the diagonal elements of matrices of
densities at the NS surface are(
ρp,RNS
)
ee
=
(
ρ¯p,RNS
)
ee
= fνe (p) (36a)(
ρp,RNS
)
xx
=
(
ρ¯p,RNS
)
xx
= fνx (p) (36b)
where the functions fνi are given by Eqs. (21).
3.2. Single-angle approximations
The integro-differential Eqs. (32) and (34) are usually nu-
merically solved for the momentum p and the scalar vq · vp.
Such simulation are quite time-consuming and the result is
frequently too complicated to allow for a clear interpretation
of the underlying physics. For this reason, the analytic ap-
proximation called the single-angle limit is made. Such ap-
proximation consists in imposing a self-maintained coherence
in the neutrino system, i.e. it is assumed that the flavor evo-
lution of all neutrinos emitted from an extended source is the
same as the flavor evolution of the neutrinos emitted from the
source along a particular path. Under this premise, the prop-
agation angle between the test neutrino and the background
neutrinos is fixed. In expression (35) this is equivalent to
dropping the ϑ′ dependence of ρ and replacing the projected
velocity vϑr either by an appropriate average at each r (as in
Dasgupta & Dighe 2008) or by a representative angle (usu-
ally 0 or pi/4). We will follow the former approach and apply
the bulb model described in Duan et al. (2006a). Within this
model it is shown that the projected velocity at a distance r
from the neutrino emission zone is
vr =
√
1 −
(RNS
r
)2 (
1 − v2RNS
)
. (37)
where vRNS is the projected velocity at the NS surface. By
redefining the matrices of density with a change of variable
u = 1 − v2RNS in the integral (35)
ρp,u,r
p2
2 (2pi)2
→ ρp,u,r, (38)
9and using Eq. (25), we can write the full equations of motion
∂
∂r
Pp,r =
[
ωp,r~B +λr~L + µr
∫ ∞
0
(
Pq,r− P¯q,r
)
dq
]
×Pp,r (39a)
∂
∂r
P¯p,r =
[
−ωp,r~B +λr~L + µr
∫ ∞
0
(
Pq,r− P¯q,r
)
dq
]
×P¯p,r (39b)
where we have replaced vr by it’s average value
〈vr〉 = 12
1 +
√
1 −
(RNS
r
)2 . (40)
All the interaction potentials now depend on r and each
effective potential strength is parametrized as follows (Das-
gupta & Dighe 2008)
ωp,r =
∆m2
2p〈vr〉 , (41)
λr =
√
2GF (ne− (r)− ne+ (r)) 1〈vr〉 , (42)
µr =
√
2GF
2
 ∑
i∈{e,x}
nCνi ν¯i
 (RNSr
)2 (1 − 〈vr〉2
〈vr〉
)
. (43)
It is worth mentioning that all the effective potential
strengths are affected by the geometry of the extended source
through the projected velocity on the right side of Eqs. (34).
For the neutrino-neutrino interaction potential, we have cho-
sen the total neutrino number density as parametrization. This
factor comes from the freedom to re-normalize the polariza-
tion vectors in the EoM. A different choice has been made
in Esteban-Pretel et al. (2007). Of the other two r dependent
factors, one comes from the geometrical flux dilution and the
other accounts for collinearity in the single-angle approxima-
tion. Over all µr decays as 1/r4.
In Fig. 3 the behavior of the effective potentials within
the single-angle formalism is shown for M˙ = 10−2M s−1,
10−4M s−1, 10−6M s−1 and 10−8M s−1. In all cases, the
neutrino energy is the corresponding average reported in Ta-
ble 1. Since the oscillatory dynamics of the neutrino flavors
are determined by the value of the potentials, and the value of
the potentials depends on the data in Table 1, it is important
to establish how sensible is this information to the model we
have adopted. In particular, to the pre-SN envelope density
profile index m. The reported accretion rates can be seen as
different states in the evolution of a binary system or as peak
accretion rates of different binary systems. For a given accre-
tion rate, the temperature and density conditions on the neu-
tron star surface are fixed. This, in turn, fixes the potentials
involved in the equations of flavor evolution and the initial
neutrino and antineutrino flavor content. To see the conse-
quences of changing the index m we can estimate the peak
accretion rates for new values using Eqs. (2). Since we are
only interested in type Ic supernovae, we shall restrict these
values to the ones reported in Table 1 of Becerra et al. (2016)
(that is m = 2.771, 2.946 and 2.801), and in each case, we
consider the smallest binary separation such that there is no
Roche-Lobe overflow. For these parameters, we find peak ac-
cretion rates M˙peak ∼ 10−2–10−4M s−1 with peak times at
tpeak ≈ 7–35 min. Because these accretion rates are still within
the range in Table 1, the results contained in Sec. 4 apply also
to these cases with different value of the m-index.
The profiles for the electron and positron number densities
were adopted from the simulations presented in Becerra et al.
(2016). Due to the dynamics of the infalling matter, close to
the NS, the behavior of ne− (r) − ne+ (r) is similar to µr. At the
shock radius, the electron density’s derivative presents a dis-
continuity and its behavior changes allowing for three distinct
regions inside the Bondi-Hoyle radius. The matter potential
is always higher than the neutrino potential yet, in most cases,
both are higher than the vacuum potential, so we expect neu-
trino collective effects (neutrino oscillations) and MSW res-
onances to play a role in the neutrino flavor evolution inside
the Bondi-Hoyle radius. Outside the capture region, as long
as the neutrinos are not directed towards the SN, they will be
subjected to vacuum oscillations.
4. SINGLE-ANGLE SOLUTIONS AND MULTI-ANGLE EFFECTS
The full dynamics of neutrino oscillations is a rather com-
plex interplay between the three potentials discussed in Sec. 3,
yet the neutrino-antineutrino symmetry allows us to general-
ize our single-angle calculations for certain accretion rates us-
ing some numerical and algebraic results obtained in Hannes-
tad et al. (2006); Fogli et al. (2007); Esteban-Pretel et al.
(2007) and references therein. Specifically, we know that if
µr  ωr, as long as the MSW condition λr ' ωr is not
met, collective effects should dominate the neutrino evolu-
tion even if λr  µr. On the other hand, if µr . ωr, the
neutrino evolution is driven by the relative values between
the matter and vacuum potentials. With this in mind, we
identify two different ranges of values for the accretion rate:
M˙ & 5 × 10−5M s−1 and M˙ . 5 × 10−5M s−1.
4.1. High accretion rates
For accretion rates M˙ & 5× 10−5M s−1 the potentials obey
the following hierarchy
λr & µr  ωr, (44)
hence, we expect strong effects of neutrino self-interactions.
In order to appreciate the interesting physical processes which
happen with the neutrinos along their trajectory in the accre-
tion zone, we begin this analysis with a simplified approach
to the EoM for a monochromatic spectrum with the same en-
ergy for both neutrinos and antineutrinos. Let us introduce the
following definitions
~D = Pr − P¯r (45)
~Q = Pr + P¯r − ωr
µr
~B. (46)
The role of the matter potential is to logarithmically extend
the period of the bipolar oscillations so we can ignore it for
now. Also, we will restrict our analysis to a small enough
region at RNS + ∆rν so that we can consider ddr (ωr/µr) ≈ 0
(adiabatic approximation). Then, By summing and subtract-
ing Eqs. (39) and using definitions (45) and (46), we obtain
d
dr
~Q = µ~D × ~Q (47)
d
dr
~D = ω~B × ~Q. (48)
We are now able to build a very useful analogy. The equa-
tions above are analogous to the EoM of a simple mechani-
cal pendulum with a vector position given by ~Q, precessing
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Fig. 3.— Interaction potentials as functions of the radial distance from the NS center for selected accretion rates M˙ (see Table 1). Each plot runs from the
NS surface to the Bondi-Hoyle surface. µr stands for the self-interaction neutrino potential, λr is the matter potential and ωH and ωL are the higher and lower
resonances corresponding to the atmospheric and solar neutrino scales, respectively, defined in Eq. (59). Outside the Bondi-Hoyle region the neutrino and electron
densities depend on the direction of their path relative to the SN and the particular ejecta density profile.
around an angular momentum ~D, subjected to a force ωµ~B
with a moment of inertia proportional to the inverse of µ. With
Eqs. (17) and (26) the initial conditions for the polarization
vectors are
P(RNS) = P¯(RNS) = (0, 0, 0.4) (49)
We can easily show that | ~Q(RNS)| = |P(RNS) + P¯(RNS)| +
O(ω/µ) ≈ 0.8. Calculating ddr ( ~Q · ~Q) it can be checked that
this value is conserved.
The analogous angular momentum is ~D(RNS) = P(RNS) −
P¯(RNS) = 0. Thus, the pendulum moves initially in a plane
defined by ~B and the z-axis, i.e., the plane xz. Then, it is
possible to define an angle ϕ between ~Q and the z-axis such
that
~Q = | ~Q| (sinϕ, 0, cosϕ) . (50)
Note that the only non-zero component of ~D is y-component
and from (47) and (48) we find
dϕ
dr
= µ|~D| (51)
and
d|~D|
dr
= −ω| ~Q| cos(2θ + ϕ). (52)
The above equations can be equivalently written as
d2ϕ
dr2
= −k2 sin(2θ + ϕ), (53)
where we have introduced the inverse characteristic distance
k by
k2 = ωµ| ~Q|, (54)
which is related to the anharmonic oscillations described by
the non-linear EoM (51) and (52). The logarithmic correction
to the oscillation length due to matter effects is (Hannestad
et al. 2006)
τM˙ = −k−1 ln
(pi2 − θ
) k(
k2 + λ2
)1/2
1 + ω| ~Q|µ
 . (55)
The initial conditions (49) imply
ϕ (RNS) = arcsin
 ω| ~Q|µ sin 2θ
 . (56)
To investigate the physical meaning of the above equation,
let us assume for a moment that 2θ is a small angle. In this
case ϕ (RNS) is also a small angle. If k2 > 0, which is true for
the normal hierarchy ∆m2 > 0, we expect small oscillations
around the initial position since the system begins in a stable
position of the potential associated with Eqs. (51) and (52).
No strong flavor oscillations are expected. On the contrary,
for the inverted hierarchy ∆m2 < 0, k2 < 0 and the initial
ϕ(RNS) indicates that the system begins in an unstable posi-
tion and we expect very large anharmonic oscillations. Pz (as
well as P¯z) oscillates between two different maxima passing
through a minimum −Pz (−P¯z) several times. This behavior
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Fig. 4.— Neutrino flavor evolution for inverted hierarchy. Electron neutrino survival probability is shown as a function of the radial distance from the NS
surface. The curves for the electron antineutrino match the ones for electron neutrinos.
implies total flavor conversion: all electronic neutrinos (an-
tineutrinos) are converted into non-electronic neutrinos (an-
tineutrinos) and vice-versa. This has been called bipolar os-
cillations in the literature (Duan et al. 2010).
We solved numerically Eqs. (39) for both normal and in-
verted hierarchies using a monochromatic spectrum domi-
nated by the average neutrino energy for M˙ = 10−2, 10−3, 10−4
and 5×10−5M s−1, and the respective values reported in Table
1 with the initial conditions given by Eqs. (17) and (36). The
behavior of the electronic neutrino survival probability inside
the accretion zone is shown in Figs. 4 and 5 for inverted hi-
erarchy and normal hierarchy, respectively. For the inverted
hierarchy, there is no difference between the neutrino and
antineutrino survival probabilities. This should be expected
since for these values of r the matter and self-interaction po-
tentials are much larger than the vacuum potential, and there
is virtually no difference between Eqs. (39). Also, note that
the antineutrino flavor proportions discussed in Sec. 2.3 re-
main virtually unchanged for normal hierarchy while the neu-
trino flavor proportions change drastically around the point
λr ∼ ωr. The characteristic oscillation length of the survival
probability found on these plots is
τ ≈ (0.05 − 1) km (57)
which agree with the ones given by Eq. (55) calculated at the
NS surface up to a factor of order one. Such a small value of
τ suggests extremely quick νeν¯e ↔ νxν¯x oscillations.
Clearly, the full EoM are highly nonlinear so the solution
may not reflect the real neutrino flavor evolution. Concern-
ing the single-angle approximation, it is discussed in Hannes-
tad et al. (2006); Raffelt & Sigl (2007); Fogli et al. (2007)
that in the more realistic multi-angle approach, kinematic de-
coherence happens. And in Esteban-Pretel et al. (2007) the
conditions for decoherence as a function of the neutrino fla-
vor asymmetry have been discussed. It is concluded that if the
symmetry of neutrinos and antineutrinos is broken beyond the
limit of O(25%), i.e., if the difference between emitted neutri-
nos and antineutrinos is roughly larger than 25% of the total
number of neutrinos in the medium, decoherence becomes a
sub-dominant effect.
As a direct consequence of the peculiar symmetric situation
we are dealing with, in which neutrinos and antineutrinos are
produced in similar numbers, bipolar oscillations happen and,
as we have already discussed, they present very small oscil-
lation length as shown in Eq. (57). Note also that the bipolar
oscillation length depends on the neutrino energy. Therefore,
the resulting process is equivalent to an averaging over the
neutrino energy spectrum and an equipartition among differ-
ent neutrino flavors is expected Raffelt & Sigl (2007). Al-
though, for simplicity, we are dealing with the two neutrino
hypothesis, this behavior is easily extended to the more realis-
tic three neutrino situation. We assume, therefore, that at few
kilometers from the emission region neutrino flavor equipar-
tition is a reality:
νe : νµ : ντ = 1 : 1 : 1. (58)
Note that the multi-angle approach keeps the order of the
characteristic length τ of Eq. (55) unchanged and kinematics
decoherence happens within a few oscillation cycles (Sawyer
2005; Hannestad et al. 2006; Raffelt & Sigl 2007). There-
fore, we expect that neutrinos created in regions close to the
emission zone will be equally distributed among different fla-
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Fig. 5.— Electron neutrino and antineutrino flavor evolution for normal hierarchy.The survival probability is shown as a function of the radial distance from the
NS surface.
vors in less than few kilometers after their creation. Once
the neutrinos reach this maximally mixed state, no further
changes are expected up until the matter potential enters the
MSW resonance region. We emphasize that kinematics de-
coherence does not mean quantum decoherence. Figs. 4 and
5 clearly show the typical oscillation pattern which happens
only if quantum coherence is still acting on the neutrino sys-
tem. Differently from quantum decoherence, which would
reveals itself by a monotonous dumping in the oscillation pat-
tern, kinematics decoherence is just the result of averaging
over the neutrino energy spectrum resulting from quick flavor
conversion which oscillation length depends on the neutrino
energy. Therefore, neutrinos are yet able to quantum oscillate
if appropriate conditions are satisfied.
We discuss now the consequences of the matter potential.
4.1.1. Matter Effects
After leaving the emisison region, beyond r ≈ RNS + ∆rν,
where ∆rν is the width defined in Eq. (6), the effective neu-
trino density quickly falls in a asymptotic behavior µr ≈ 1/r4.
The decay of λr is slower. Hence, very soon the neutrino fla-
vor evolution is determined by the matter potential. Matter
suppresses neutrino oscillations and we do not expect signif-
icant changes in the neutrino flavor content along a large re-
gion. Nevertheless, the matter potential can be so small that
there will be a region along the neutrino trajectory in which
it can be compared with the neutrino vacuum frequencies and
the higher and lower resonant density conditions will be sat-
isfied, i.e.:
λ(rH) = ωH =
∆m2
2〈Eν〉 and λ(rL) = ωL =
∆m221
2〈Eν〉 , (59)
where ∆m2 and ∆m221 are, respectively, the squared-mass dif-
ferences found in atmospheric and solar neutrino observa-
tions. Table 2 shows the experimental values of mixing an-
gles and mass-squared differences taken from Patrignani et al.
(2016). The definition of ∆m2 used is: ∆m2 = m23 − (m22 +
m21)/2. Thus, ∆m
2 = ∆m231 − ∆m221/2 > 0, if m1 < m2 < m3,
and ∆m2 = ∆m232 + ∆m
2
21/2 < 0 for m3 < m1 < m2. When
the above resonance conditions are satisfied the MSW effects
happen and the flavor content of the flux of electronic neutri-
nos and antineutrinos will be again modified. The final fluxes
can be written as
Fνe (E) = Pνe→νe (E)F
0
νe
(E) +
[
1 − Pνe→νe (E)
]
F0νx (E) (60a)
Fν¯e (E) = Pν¯e→ν¯e (E)F
0
ν¯e
(E) +
[
1 − Pν¯e→ν¯e (E)
]
F0ν¯x (E) (60b)
where F0νe (E), F
0
νx
(E), F0ν¯e (E) and F
0
ν¯x
(E) are the fluxes of
electronic and non-electronic neutrinos and antineutrinos af-
ter the bipolar oscillations of the emission zone and Pνe→νe (E)
and Pν¯e→ν¯e (E) are the survival probability of electronic neu-
trinos and antineutrinos during the resonant regions.
In order to evaluate Fνe (E) and Fν¯e (E) after matter effects,
we have to estimate the survival probability at the resonant
regions. There are several articles devoted to this issue; for
instance we can adopt the result in Fogli et al. (2003), namely,
for normal hierarchy
Pνe→νe (E) = X sin
2 θ12 (61a)
Pν¯e→ν¯e (E) = cos
2 θ12 (61b)
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and, for inverted hierarchy
Pνe→νe (E) = sin
2 θ12 (62a)
Pν¯e→ν¯e (E) = X cos
2 θ12 (62b)
The factor X, the conversion probability between neutrino
physical eigenstates, is given by Petcov (1987); Fogli et al.
(2003); Kneller & McLaughlin (2006)
X =
exp(2rreskres cos 2θ13) − 1
exp(2rreskres) − 1 , (63)
where rres = rL or rres = rH , defined according to Eq. (59) and
1
kres
=
∣∣∣∣∣d ln λrdx
∣∣∣∣∣
r=rres
. (64)
The factor X is related to how fast physical environment fea-
tures relevant for neutrino oscillations change, such as neu-
trino and matter densities.
For slow and adiabatic changes X → 0 while for fast and
non-adiabatic, X → 1. In our specific cases, the MSW reso-
nances occur very far from the accretion zone where the mat-
ter density varies very slow and therefore X → 0, as can
be explicitly calculated from Eq. (63). Consequently, it is
straightforward to estimate the final fluxes of electronic and
non-electronic neutrinos and antineutrinos.
4.2. Low accretion rates
For accretion rates M˙ < 5 ×10−5M s−1, either the mat-
ter potential is close enough to the vacuum potential and the
MSW condition is satisfied, or both the self-interaction and
matter potentials are so low that the flavor oscillations are
only due to the vacuum potential. In both cases, bipolar os-
cillations are not present. In Fig. (6) we show the survival
probability for M˙ = 10−6M s−1 as an example. We can see
that neutrinos and antineutrinos follow different dynamics. In
particular, for antineutrinos there are two decreases. The first
one, around r ≈ (1–2)RNS, is due to bipolar oscillations which
are rapidly damped by the matter potential as discussed in
Sec. 4.1.1. The second one happens around r ≈ (10–20)RNS.
It can be seen from the bottom left panel of Fig. 3 (that one
for M˙ = 10−6M s−1), that around r ≈ (1–2) × 107 cm (or,
equivalently, r ≈ (10–20)RNS) the higher MSW resonance
occurs (λr ∼ ωrH ). For inverted hierarchy, such resonance
will affect antineutrinos depleting its number, as can be seen
from Eq. (60). Without bipolar oscillations, it is not possible
to guarantee that decoherence will be complete and Eq. (58)
is no longer valid. The only way to know the exact flavor
proportions is to solve the full Eqs. (32).
5. NEUTRINO EMISSION SPECTRA
Using the the calculations of last section we can draw a
comparison between the creation spectra of neutrinos and
antineutrinos at the NS surface (Fcν, n
c
ν), initial spectra after
kinematic decoherence (F0ν , n
0
ν) and emission spectra after the
MSW resonances (Fν, nν). Table 3 contains a summary of the
flavor content inside the Bondi-Hoyle radius. With these frac-
tions and Eqs. (21) it is possible to reproduce the spectrum for
each flavor and for accretion rates M ≥ 5×10−5M s−1.
The specific cases for M˙ = 10−2M s−1 are shown in Fig. 7.
In such figures, the left column corresponds to normal hierar-
chy and the right corresponds to inverted hierarchy. The first
two rows show the number fluxes after each process studied.
The last row shows the relative fluxes Fν/FCν between the cre-
ation and emission fluxes. For the sake of clarity, we have
normalized the curves to the total neutrino number at the NS
surface
n = 2
∑
i∈{e,x}
nνi . (65)
so that each one is a normalized Fermi-Dirac distribution mul-
tiplied by the appropriate flavor content fraction. To repro-
duce any other case, it is enough to use Eqs. (21) with the
appropriate temperature.
At this point two comments have to be made about our re-
sults:
• As we mentioned before, the fractions in Table 3 were
obtained by assuming a monochromatic spectrum and
using the single-angle approximation. This would im-
ply that the spectrum dependent phenomenon called
the spectral stepwise swap of flavors is not present
in our analysis even though it has been shown that it
can also appear in multi-angle simulations (Fogli et al.
2007). Nevertheless, we know from our calculations in
Sec. 2.3 that neutrinos and antineutrinos of all flavors
are created with the exact same spectrum up to a multi-
plicative constant. Hence, following Raffelt & Smirnov
(2007a,b), by solving the equation∫ ∞
Ec
(
nνe − nνx
)
dE =
∫ ∞
0
(
nν¯e − nν¯x
)
dE, (66)
we find that the critical (split) energy is Ec = 0. This
means that the resulting spectrum should still be uni-
modal and the spectral swap in our system could be
approximated by a multiplicative constant that is taken
into account in the decoherence analysis of Sec. 4.
• The fluxes of electronic neutrinos and antineutrinos
shown in these figures and in Eqs. (60) represent fluxes
at different positions up to a geometrical 1/r2 factor, r
being the distance from the NS radius. Also, since we
are considering the fluxes before and after each oscilla-
tory process, the values of r are restricted to r = RNS
for FCν , τM˙ < r < rH for F
0
ν , and r > rL for Fν. To cal-
culate the number flux at a detector, for example, much
higher values of r have to be considered and it is neces-
sary to study vacuum oscillations in more detail. Such
calculations will be presented elsewhere.
From Fig. 7 one can observe that the dominance of elec-
tronic neutrinos and antineutrinos found at their creation at
the bottom of the accretion zone is promptly erased by kine-
matic decoherence in such a way that the content of the neu-
trinos and antineutrinos entering the MSW resonant region
is dominated by non-electronic flavors. After the adiabatic
transitions provoked by MSW transitions, electronic neutri-
nos and antineutrinos dominate again the emission spectrum
except for non-electronic antineutrinos in the normal hierar-
chy. Although no energy spectrum distortion is expected, the
flavor content of neutrinos and antineutrinos produced near
the NS surface escape to the outer space in completely differ-
ent spectra when compared with the ones in which they were
created, as shown in the last row of Fig. 7.
6. CONCLUDING REMARKS
We can now proceed to draw the conclusions and some as-
trophysical consequences of this work:
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Fig. 6.— Electron neutrino and antineutrino flavor evolution for inverted hierarchy and M˙ = 10−6M s−1. The survival probability is shown as a function of the
radial distance from the NS surface.
n0νe/n n
0
ν¯e
/n n0νx/n n
0
ν¯x
/n nνe/n nν¯e/n nνx/n nν¯x/n
Normal Hierarchy 16
1
6
1
3
1
3
1
3
1
6 +
1
6 sin
2 θ12
1
6
1
3 − 16 sin2 θ12
Inverted Hierarchy 16
1
6
1
3
1
3
1
6 +
1
6 cos
2 θ12
1
3
1
3 − 16 cos2 θ12 16
TABLE 3
Fraction of neutrinos and antineutrinos for each flavor after decoherence and matter effects. n = 2
∑
i nνi .
1. The main neutrino production channel in XRFs and
BdHNe in the hypercritical accretion process is pair an-
nihilation: e−e+ → νν¯. This mechanism produces an
initial equal number of neutrino and antineutrino and an
initial 7/3 relative fraction between electronic and other
flavors. These features lead to a different neutrino phe-
nomenology with respect to the typical core-collapse
SN neutrinos produced via the URCA process.
2. The neutrino density is higher than both the elec-
tron density and the vacuum oscillation frequencies for
the inner layers of the accretion zone and the self-
interaction potential dictates the flavor evolution along
this region, as it is illustrated by Fig. 3. This particular
system leads to very fast pair conversions νeν¯e↔νµ,τν¯µ,τ
induced by bipolar oscillations with oscillation length
as small as O(0.05–1) km. However, due to the charac-
teristics of the main neutrino production process, neu-
trinos and antineutrinos have very similar fluxes inside
the neutrino emission zone and kinematic decoherence
dominates the evolution of the polarization vectors.
3. The kinematic decoherence induces a fast flux equipar-
tition among the different flavors that then enters the
matter dominated regions in which MSW resonances
take place.
4. Therefore, the neutrino flavor content emerging from
the Bondi-Hoyle surface to the outer space is differ-
ent from the original one at the bottom of the accretion
zone. As shown in Table 3, The initial 70% and 30%
distribution of electronic and non-electronic neutrinos
becomes 55% and 45% or 62% and 38% for normal or
inverted hierarchy, respectively. Since the ν ↔ ν¯ os-
cillations are negligible (Pontecorvo 1957, 1968; Xing
2013) the total neutrino to antineutrino ratio is kept con-
stant.
We have shown that such a rich neutrino phenomenology
is uniquely present in the hypercritical accretion process in
XRFs and BdHNe. This deserves the appropriate attention
since it paves the way for a new arena of neutrino astrophysics
besides SN neutrinos. There are a number of issues which
have still to be investigated:
1. We have made some assumptions which, albeit being a
first approximation to a more detailed picture, have al-
lowed us to set the main framework to analyze the neu-
trino oscillations phenomenology in these systems. We
have shown in Becerra et al. (2015) that the SN ejecta
carry enough angular momentum to form a disk-like
structure around the NS before being accreted. How-
ever, the knowledge of the specific properties of such
possible disk-like structure surrounding the neutron star
is still pending of more accurate numerical simulations
at such distance scales. For instance, it is not clear yet
if such a structure could be modeled via thin-disk or
thick-disk models. We have adopted a simplified model
assuming isotropic accretion and the structure of the NS
accretion region used in Becerra et al. (2016) which ac-
counts for the general physical properties of the sys-
tem. In order to solve the hydrodynamics equations,
the neutrino-emission region features, and the neutrino
flavor-oscillation equations, we have assumed: spher-
ically symmetric accretion onto a nonrotating NS, a
quasi-steady-state evolution parametrized by the mass
accretion rate, a polytropic equation of state, and sub-
sonic velocities inside the shock radius. The matter
is described by a perfect gas made of ions, electrons,
positrons and radiation with electron and positron obey-
ing a Fermi-Dirac distribution. The electron fraction
was fixed and equal to 0.5. We considered pair an-
nihilation, photo-neutrino process, plasmon decay and
bremsstrahlung to calculate neutrino emissivities. Un-
der the above conditions we have found that the pair
annihilation dominates the neutrino emission for the
accretion rates involved in XRFs and BdHNe (see Be-
cerra et al. 2016, for further details). The photons are
trapped within the infalling material and the neutrinos
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Fig. 7.— Several neutrino and antineutrino number fluxes for different neutrino flavors are presented for M˙ = 10−2M/s. Each column corresponds to a neutrino
mass hierarchy: normal hierarchy on the left and inverted hierarchy on the right. The first two rows show the number fluxes after each process studied. FCν , F
0
ν
and Fν are the creation flux at the bottom accretion zone due to e+e− pair annihilation, the flux after the region with dominant neutrino-neutrino potential and the
final emission flux after the region with dominant neutrino-matter potential, respectively. The last row shows the relative fluxes Fν/FCν between the creation and
emission fluxes.
are transparent, taking away most of the energy from
the accretion. We are currently working on the relax-
ation of some of the above assumptions, e.g. the as-
sumption of spherical symmetry to introduce a disk-like
accretion picture, and the results will be presented else-
where. In this line it is worth mentioning that some
works have been done in this direction (see, e.g., Zhang
& Dai 2008; Zhang & Dai 2009), although in a New-
tonian framework, for complete dissociated matter, and
within the thin-disk approximation. In these models,
disk heights H are found to obey the relation H/r ∼ 0.1
near the neutron star surface which suggests that the
results might be similar to the ones of a spherical ac-
cretion as the ones we have adopted. We are currently
working on a generalization including general relativis-
tic effects in axial symmetry to account for the fast rota-
tion that the NS acquires during the accretion process.
This was already implemented for the computation of
the accretion rates at the Bondi-Hoyle radius position
in Becerra et al. (2016), but it still needs to be imple-
mented in the computation of the matter and neutrino
density-temperature structure near the NS surface. In
addition, the description of the equation of state of the
infalling matter can be further improved by taking into
account beta and nuclear statistical equilibrium.
In forthcoming works we will relax the assumptions
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made not only on the binary system parameters but also
make more detailed calculations on the neutrino os-
cillations including general relativistic and multi-angle
effects. This paper, besides presenting a comprehen-
sive non-relativistic account of flavor transformations
in spherical accretion, serves as a primer that has al-
lowed us to identify key theoretical and numerical fea-
tures involved in the study of neutrino oscillations in the
IGC scenario of GRBs. From this understanding, we
can infer that neutrino oscillations might be markedly
different in a disk-like accretion process. First, depend-
ing on the value of the neutron-star mass, the inner disk
radius may be located at an rinner > RNS beyond the NS
surface (see e.g. Ruffini et al. 2016b; Cipolletta et al.
2017), hence the neutrino emission must be located at a
distance r ≥ rinner. On the other hand, depending on the
accretion rate, the density near the inner radius can be
higher than in the present case and move the condition
for neutrino cooling farther from the inner disk radius,
at r > rinner. Both of these conditions would change the
geometric set up of the neutrino emission. Furthermore,
possible larger values of T and ρ may change the mech-
anisms involved in neutrino production. For example,
electron-positron pair capture, namely p+ e− → n+ νe,
n+e+ → p+ ν¯e and n→ p+e−+ ν¯e, may become as ef-
ficient as the electron-positron pair annihilation. This,
besides changing the intensity of the neutrino emission,
would change the initial neutrino-flavor configuration.
2. Having obtained the flux as well as the total number of
neutrinos and antineutrinos of each flavor that leave the
binary system during the hypercritical accretion process
in XRFs and BdHNe, it raises naturally the question
of the possibility for such neutrinos to be detected in
current neutrino observatories. For instance, detectors
such as Hyper-Kamiokande are more sensitive to the
inverse beta decay events produced in the detector, i.e.
ν¯e + p→ e+ + n (see Abe et al. 2011, for more details),
consequently, the ν¯e are the most plausible neutrinos to
be detected. Liu et al. (2016) have pointed out that for
a total energy in ν¯e of 1052 erg and 〈Eν¯e〉 ∼ 20 MeV,
the Hyper-Kamiokande neutrino-horizon is of the order
of 1 Mpc. In the more energetic case of BdHNe we
have typically 〈Eν,ν¯〉 ∼ 20 MeV (see table 1) and a total
energy carried out ν¯e of the order of the gravitational
energy gain by accretion, i.e. Eg ∼ 1052–1053 erg.
Therefore we expect the BdHN neutrino-horizon dis-
tance to be also of the order of 1 Mpc. These order-of-
magnitude estimates need to be confirmed by detailed
calculations, including the vacuum oscillations experi-
enced by the neutrinos during their travel to the detec-
tor, which we are going to present elsewhere.
3. If we adopt the local BdHNe rate ∼ 1 Gpc−3 yr−1
(Ruffini et al. 2016b) and the data reported above at face
value, it seems that the direct detection of this neutrino
signal is very unlikely. However, the physics of neu-
trino oscillations may have consequences on the power-
ing mechanisms of GRBs such as the electron-positron
pair production by neutrino-pair annihilation. The en-
ergy deposition rate of this process depends on the
local energy-momentum distribution of (anti)neutrinos
which, as we have discussed, is affected by the flavor
oscillation dynamics. This phenomenon may lead to
measurable effects on the GRB emission.
4. An IGC binary leading either to an XRF or to a BdHN
is a unique neutrino-physics laboratory in which there
are at least three neutrino emission channels at the early
stages of the GRB-emission process: i) the neutrinos
emitted in the explosion of the COcore as SN; ii) the
neutrinos studied in this work created in the hypercrit-
ical accretion process triggered by the above SN onto
the NS companion, and iii) the neutrinos from fallback
accretion onto the νNS created at the center of the SN
explosion. It remains to establish the precise neutrino
time sequence as well as the precise relative neutrino
emissivities from all these events. This is relevant to
establish both the time delays in the neutrino signals as
well as their fluxes which will become a unique signa-
ture of GRB neutrinos following the IGC paradigm.
5. As discussed in Ruffini et al. (2016b), there are two
cases in which there is the possibility to have hypercrit-
ical accretion onto a BH. First, in BdHNe there could
be still some SN material around the newly-born BH
which can create a new hypercritical accretion process
(Becerra et al. 2016). Second, a ∼ 10 M BH could
be already formed before the SN explosion, namely the
GRB could be produced in a COcore-BH binary progen-
itor. The conditions of temperature and density in the
vicinity of these BHs might be very different to the ones
analyzed here and, therefore, the neutrino emission and
its associated phenomenology. We have recalled in the
introduction that such an accretion process onto the
BH can explain the observed 0.1–100 GeV emission
in BdHNe (Ruffini et al. 2015a,b, 2016a,b; Aimuratov
et al. 2017; see also Aimuratov et al. in preparation).
The interaction of such an ultra-relativistic expanding
emitter with the interstellar medium could be a possi-
ble source of high-energy (e.g. TeV-PeV) neutrinos,
following a mechanisms similar to the one introduced
in the traditional collapsar-fireball model of long GRBs
(see e.g. Agostini et al. 2017; Kumar & Zhang 2015,
and references therein).
6. Although the symmetry between the neutrino and an-
tineutrino number densities has allowed us to gener-
alize the results obtained within the single-angle and
monochromatic spectrum approximations, to success-
fully answer the question of detectability, full-scale nu-
merical solutions will be considered in the future to
obtain a precise picture of the neutrino-emission spec-
trum. In particular, it would be possible to obtain an
r-dependent neutrino spectrum without the restrictions
discussed in Sec. 5.
7. For low accretion rates (M˙ . 5× 10−5 M s−1) the mat-
ter and self-interaction potentials in Eqs. (39) decrease
and the general picture described in Fig. 3 changes. The
resonance region could be located around closer to the
NS surface, anticipating the MSW condition λr ∼ ωr
and interfering with the kinematic decoherence. This
changes the neutrino flavor evolution and, of course,
the emission spectrum. Hence, the signature neutrino-
emission spectrum associated with the least luminous
XRFs might be different from the ones reported here.
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